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ABSTRACT: Therapeutic reactivation of the γ-globin genes for fetal hemoglobin (HbF) production is an attractive strategy for
treating β-thalassemia and sickle cell disease. It was reported that genetic knockdown of the histone lysine methyltransferase
EHMT2/1 (G9a/GLP) is sufficient to induce HbF production. The aim of the present work was to acquire a G9a/GLP inhibitor
that induces HbF production sufficiently. It was revealed that tetrahydroazepine has versatility as a side chain in various skeletons.
We ultimately obtained a promising aminoindole derivative (DS79932728), a potent and orally bioavailable G9a/GLP inhibitor that
was found to induce γ-globin production in a phlebotomized cynomolgus monkey model. This work could facilitate the development
of effective new approaches for treating β-thalassemia and sickle cell disease.
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β-Thalassemia and sickle cell disease (SCD) are recessive
hemoglobinopathies that affect the structure and production of
hemoglobin, specifically β-globin.1 β-Thalassemia is caused by a
diverse range of genetic changes that lead to the reduced
production of β-globin and insufficiently hemoglobinized red
blood cells (RBCs).2 In SCD, a β-globin gene substitution
(β6Glu→Val) causes sickle hemoglobin (HbS; α2βs2) in a
deoxygenated state, resulting in hemolysis and vaso-occlusion.3

Patients with severe hemoglobinopathies require regular blood
transfusions to survive, but these, in turn, may result in life-
threatening complications, such as iron overload.4

Adult hemoglobin (HbA; α2β2), which is responsible for
carrying oxygen in adult blood, consists of heterotetramers
composed of two α-globins and two β-globins. During fetal
development, however, erythrocytes preferentially express an
alternative hemoglobin tetramer called fetal hemoglobin (HbF;
α2γ2), which is composed of two α-globins and two γ-globins
instead of β-globin chains. Several months after birth, the
transition from HbF to HbA occurs through a process called
globin switching.5 Clinical studies have shown that increased
HbF production in RBCs leads to the amelioration of the disease
progression of β-thalassemia and SCD, so therapeutic agents

that increase HbF production have become an important
therapeutic strategy for reducing clinical morbidity and
mortality in patients with hemoglobinopathies.6 Hydroxyurea
(HU), with its proven efficacy in reducing sickle cell crises and
improving survival, was the first drug approved by the Food and
Drug Administration (FDA) for the treatment of SCD.7

Although HU treatment can induce HbF production and reduce
the suffering of patients with SCD, there are important
limitations to its clinical utility due to its low efficacy, several
adverse effects, and inability to elicit a response in all patients.8,9

Very recently, voxelotor (Oxbryta), a HbS polymerization
inhibitor, was approved by the FDA for the treatment of SCD.
This first-in-class therapy enhances the affinity of hemoglobin
for oxygen, resulting in decreased deoxygenated HbS and
hemoglobin polymerization to counter RBC destruction.10 In
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addition, several other chemotherapeutic agents for treating
SCD have been developed. For instance, DNA methyltransfer-
ase inhibitors (such as 5-azacytidine and decitabine), histone
deacetylase inhibitors (such as butyrate and panobinostat), and
antidiabetic drugs (such as metformin) have been used to
successfully induce HbF production via different mechanisms in
preclinical studies.11 The proof of concept for the therapeutic
effects of many of these agents in these diseases has been
demonstrated, but such agents need to be improved in terms of

safety and efficacy; these issues must be overcome before or
during clinical trials.
Recent reports have shown that individual genetic knockdown

of G9a or GLP, which are histone methyltransferases (HMTs),
induced HbF production.12,13 Therefore, the development of
potent dual G9a/GLP inhibitors that can induce HbF
production could represent a refined and targeted approach
for treating β-thalassemia and SCD. Actually, Epizyme Inc.
developed EZM8266 (structure not disclosed), which is an
orally available G9a inhibitor, for the treatment of SCD.14

To date, several classes of structurally diverse G9a/GLP
inhibitors have been reported (Figure 1).15 Representative
examples are UNC0642 (1), which was the first in vivo chemical
probe of G9a/GLP,16 and quinoline derivative 3, which shows
strong in vitro potency.17 Moreover, completely distinct classes
of compounds that inhibit G9a/GLP have been identified, such
as aminoindole A-366 (4)18 and 2-aminobenzimidazole (5).19

We previously reported the discovery of a novel potent G9a/
GLP inhibitor (6) with a fixed cyclic side chain.20 Here, we
report on our efforts to further develop this inhibitor to increase
its potency and to improve its absorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties to
exhibit in vivo efficacy at a low predicted dose.
In the above-mentioned report,20 we described the discovery

of the tetrahydroazepine side chain as a novel motif for a Lys
binding site, where a 3-(pyrrolidin-1-yl)propoxy group had
usually been used. To examine the versatility of this side chain,
we introduced it to the other central cores of known G9a/GLP
inhibitor series (Table 1). First, based on the activity results of
compounds 1 and 3, we decided to synthesize quinoline
derivative 7,21 which, as expected, showed more potent activity
than compound 6 (IC50 = 2.00 nM for G9a, 6.15 nM for GLP).
Next, indole derivative 8, in which tetrahydroazepine was
introduced into indole-based A-366, retained the potency.

Figure 1. Chemical structures of select G9a/GLP inhibitors.

Table 1. Chemical Structures, Activity, ADMET Profiles, and PK Profiles of Tetrahydroazepine Derivatives

aThe IC50 values are presented as the mean of four technical replicates ± the standard error of the mean (SEM). bNot tested.
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Finally, benzimidazole derivative 9, in which tetrahydroazepine
was introduced into a known benzimidazole-based G9a/GLP
inhibitor,19 resulted in a 5-fold decrease in potency compared
with compound 6 but still showed an IC50 value of 22.8 nM for
G9a. These results indicated that the tetrahydroazepine side
chain had versatility in terms of activity through the various
central cores.

Based on the activity and ADMET profile results (in
particular, membrane permeability and metabolic stability), we
focused on the indole scaffold and attempted to find novel
compounds in this series with improved pharmacokinetics (PK)
profiles while maintaining G9a/GLP inhibitory activity.
Incidentally, because the activity values of G9a and GLP were
well correlated (Figure S1), we focus on G9a activity hereafter.
We explored the structure−activity relationships (SARs) of

indole derivatives (Table 2). The initial SAR evaluation was

Table 2. Structure−Activity Relationships of Indole Derivatives

aThe IC50 values are presented as the mean of four technical replicates ± the standard error of the mean (SEM).

Figure 2. X-ray crystal structure of compound 10 bound to G9a (PDB
code 7DCF).

Figure 3.Overlay of the X-ray crystal structures of compounds 6 (gray,
PDB code: 7BUC) and 10 (green, PDB code: 7DCF) bound to G9a.
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directed toward modifications of N-substituents at the
tetrahydroazepine ring. When the substituent on the N of the
tetrahydroazepine ring was transformed, the ethyl group (11)
retained activity, while the methyl group (10) showed a 3-fold
decrease in activity and the isopropyl group (12) showed a 2-
fold decrease in activity. Replacing the cyclobutyl group of
compound 10with cyclopentyl (13) and cyclohexyl (14) groups
conferred much lower potency (IC50 = 32 and 172 nM for G9a,
respectively). These potency results corresponded with those of
the A-366 series,18 suggesting that these derivatives bind to the
same G9a/GLP protein site as A-366. Likewise, the tetrahy-
dropyranyl group derivative 15 resulted in a loss of potency.
Next, to obtain further SARs and improve the activity, a methyl
group was introduced at the α position of the tetrahydroazepine
ring (16−19), which led to a decrease in activity. In addition, the
introduction of a hydroxy or methoxy group at the β position of
the tetrahydroazepine ring (20−23) resulted in reduced activity.
The description of these activity results based on the cocrystal
structure is described later.
To determine the binding mode of the newly synthesized

inhibitors, we solved the X-ray cocrystal structure of compound
10with G9a (Figure 2). The cocrystal structure of compound 10
with G9a revealed the same binding site as that previously
reported for A-366;18 thus, the mechanism of action of inhibitor
10 was expected to show a noncompetitive inhibition pattern
against the cofactor S-adenosyl methionine. The hydrogen
bonding patterns revealed interactions between the side chain of
Leu1086, the amino group of tetrahydroazepine, and the side
chains of Asp1078, Asp1088, Asp1074, and the amidine group.
These findings are similar to those found for A-366.
Next, the activity results of compounds 16−23were examined

based on this cocrystal structure. Compounds 16, 17, and 19
showed a significant reduction in activity, likely due to steric
repulsion with Y1154. Only compound 18 showed retained

activity, likely due to low steric repulsion. Further, the activity of
methoxy derivatives 21 and 23 was greatly decreased, likely due
to steric repulsion with Y1154. In contrast, the hydroxy group in
compounds 20 and 22 appeared to form hydrogen bonds with
the main chain carbonyl group of Y1154, and especially the
hydrogen bond angle of compound 22 would be better than
compound 20, which led to retain the activity.
In the comparison of the cocrystal structures of compound 10

and the previously reported compound 6 (Figure 3), the
tetrahydroazepine moiety of each inhibitor was found to be
located at approximately the same position and was hydrogen-
bonded to the side chain of Leu1086. In contrast, the helix
(1074−1079) was slightly off, and in the case of compound 10, it
was closer to the inhibitor. Considering the difference of the
molecular size of each inhibitor, it seems that the conserved
interaction of the tetrahydroazepine moiety with Leu1086
controls the location of the inhibitor in the active sites of
enzymes. As a result, the interaction patterns with the helix
(1074−1079) are different between the inhibitors. Namely, the
primary amino group of compound 10 characteristically forms
hydrogen bonds with the side chains of Asp1078 and Asp1074,
whereas the amino moiety of compound 6 forms hydrogen
bonds with only the side chain of Asp 1078, not Asp1074. In
addition, with respect to the interaction with Asp1088,
aminopyrimidine (6) forms a hydrogen bond and salt-bridge,
while the indole nitrogen of compound 10 only forms a salt-
bridge with Asp1088.
The physicochemical properties and ADMET profiles of

representative compounds 8, 10, and 11 are summarized in
Table 3. These compounds showed low log D values, high
solubility, and high metabolic stability in both monkey and
human liver microsomes. These compounds did not exhibit
CYP inhibitory activity at a concentration of 10 μM, and they
also did not exhibit mechanism-based inhibition (MBI) of

Table 3. Physicochemical Properties and ADMET Profiles of Compounds 8, 10, and 11

compound
Log D

(pH = 7.4)
solubilitya (μg/mL)

(JP1/JP2)
MDCK Papp
(10−6 cm/s)

MSb (m/
mon/h)

CYP direct
inhibitionc MBId

hERG
inhibitione

Ames
assaysf

rat hepatocyte
toxicity (IC50)

8 −0.8 590/590 2.7 47/95/99 0/0/0/2/0/1 82 5/6/5/5 N.T.g N.T.g

10 −0.1 620/600 0.8 21/79/98 7/4/8/5/4/10 94 −6/−9/−6/1 negative >300 μM
11 0.1 >650/>650 0.6 14/86/95 0/0/0/0/0/1 90 4/4/8/16 N.T.g N.T.g

aJP1/JP2: Japanese Pharmacopoeia first/second test fluid (pH = 1.2/6.8). bThe percentage (%) of the tested compound remaining after 0.5 h of
incubation with mouse/monkey/human liver microsomes (0.5 mg/mL). cThe percentage (%) inhibition of 1A2/2C8/2C9/2C19/2D6/3A4 at 10
μM. dThe percentage (%) remaining at a concentration of 100 μM of compound reacted with CYP3A4 probe substrates after 30 min of
preincubation in human liver microsomes. eThe percentage (%) inhibition at 1/3/10/30 μM. fAmes assays were performed up to 1000 μg/well
with or without S9 using Salmonella TA98 and TA100. gNot tested.

Table 4. Mouse Pharmacokinetics Profiles of Compounds 8, 10, and 11

POa (10 mg/kg; n = 2) IVb (1 mg/kg; n = 2)

compound Cmax (μM) AUCinf (μM·h) Tmax (h) BA (%) C0 (μM) AUCinf (μM·h) T1/2 (h) Vdss (L/kg) CLinf (mL/min/kg)

8 0.04 0.64 3.75 4.5 2.4 1.4 21.1 36.5 39.4
10 0.44 12.0 1.5 96 1.5 1.2 11.9 31.1 43.8
11 0.51 3.6 1.00 11 1.3 3.4 13.9 14.7 15.0

aDosing vehicle: 0.5% methylcellulose (MC) solution. bDosing vehicle: DMA/Tween80/saline = 10/10/80.

Table 5. Monkey Pharmacokinetics Profile of Compound 10

POa (5 mg/kg; n = 2) IVb (0.5 mg/kg; n = 2)

compound Cmax (μM) AUCinf (μM·h) Tmax (h) BA (%) C0 (μM) AUCinf (μM·h) T1/2 (h) Vdss (L) CLinf (mL/min/kg)

10 0.11 1.36 3.00 38 0.86 0.35 22.7 109 77.7
aDosing vehicle: 0.5% MC solution. bDosing vehicle: DMA/Tween80/saline = 10/10/80
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CYP3A4. Furthermore, these compounds showed low human
ether-a-go-go-related gene (hERG) inhibition at concentrations
up to 30 μM and improved inhibition compared to compound 6
(23% at 30 μM). Mouse PK parameters of compounds 8, 10,
and 11 are summarized in Table 4. Although compound 8
showed the highest C0 with intravenous (IV) administration of
these compounds, plasma exposure with oral administration was
worse, and the bioavailability (BA) of 8 was the lowest of the
three compounds. Compound 10 showed the highest AUCinf
with oral administration and the highest BA, despite its
moderate-to-high CLinf. Compound 11 had a low CLinf with
IV administration, and with oral exposure, it was lower than that
of compound 10. Thus, we selected compound 10 for monkey
PK studies because of its high AUCinf and good oral BA in mice
(BA = 96%).

Table 5 shows the monkey PK profile of compound 10. In this
study, compound 10 exhibited high plasma exposure, and we
confirmed that it had a suitable profile for in vivo monkey
pharmacodynamics studies with oral administration. Prior to in
vivo study, we confirmed the cellular activity of the
representative compound (10). To determine the HbF
production-inducing activity of compound 10, decitabine, and
HU, in vitro activity assessment (F-cell; flow cytometry [FCM])
was performed using a cellular system with cynomolgus monkey
bone marrow mononuclear cells (Figure 4). As decitabine
enhances HbF production in cynomolgus monkey bone marrow
mononuclear cells,22 it was used as a positive control to validate
the experimental procedure. As expected, concentration-
dependent increases in the rate of γ-globin-positive cells were
observed with decitabine and compound 10, suggesting that
compound 10 could induce HbF production similar to
decitabine in cynomolgus monkey bone marrow mononuclear
cells. In contrast, no increase in the rate of γ-globin-positive cells
was observed for HU. Furthermore, in comparison with
decitabine and HU, the effect of compound 10 in terms of the
reduction of β-globin-positive cells was relatively mild,

Figure 4.Assessment (F-cell; flow cytometry [FCM]) of in vitro activity
of decitabine, hydroxyurea (HU), and compound 10 using cynomolgus
monkey bone marrow mononuclear cells. (A) γ-Globin and β-globin
levels in the cells were evaluated by FCM. Representative FCM plots of
each compound are shown. (B) The percentage of γ-globin- and β-
globin-positive cells at each concentration of the compounds is shown.
Data are expressed as the mean ± the standard deviation of the three
biological replicates.

Figure 5. Efficacy of compound 10 and HU on F-reticulocytes (F-rets)
per flow cytometry. (A) Individual monkey data on the rate of change in
F-rets before administration (pretreatment) and on days 8, 10, and 12.
(B) Average rate of change in F-rets in the HU and compound 10
groups. Three-year-old male cynomolgus monkeys were phlebotom-
ized three times a week to establish an anemia model in which their
blood hemoglobin levels were below 10.5 g/dL. Compound 10 was
orally administered twice daily to three monkeys (Cpd 10-1, Cpd 10-2,
and Cpd 10-3) at a dose of 15 mg/kg from Day 1 to Day 5. HU was
orally administered once daily to three monkeys (HU-1, HU-2, and
HU-3) at a dose of 35 mg/kg from Day 1 to Day 5. F-rets were
measured 3 days before dose initiation (pretreatment) and on days 8,
10, and 12. F-ret data for each treatment group are expressed as the
mean± the standard deviation of the three monkeys. * P < 0.05 and **
P < 0.01 indicate statistically significant differences compared with each
pretreatment group.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://dx.doi.org/10.1021/acsmedchemlett.0c00572
ACS Med. Chem. Lett. 2021, 12, 121−128

125

https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00572?fig=fig5&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00572?ref=pdf


suggesting that compound 10 would not drastically inhibit the
proliferation and differentiation of erythrocytes and is likely to
be much safer than decitabine and HU. Next, we tested the
cellular activity of the representative compound (10) by
evaluating the switching of globin mRNA expression from
adult-type β-globin to fetal-type γ-globin using human cultured
bone marrow CD34+ cells (Figure S2).23 The cellular globin
switching activity of compound 10 was almost the same as that
of compound 4, suggesting that compound 10 has activity not
only in monkey cells, but also in human cells.
Based on the above findings, we tested the effects of the

compounds in nonhuman primates, which are considered to be
the best animal model to study the effects of HbF production-
inducing drugs due to the conservation of the pattern of
developmental expression of β-like globin genes.24−28 Com-
pound 10 was evaluated for its ability to induce γ-globin
production in vivo using a phlebotomized cynomolgus monkey
model with HU as a control (Figure 5). To confirm the
induction of γ-globin production, F-reticulocyte (F-ret) values
(reticulocytes exhibiting γ-globin) were analyzed by FCM using
phlebotomized cynomolgus monkeys. The results showed that
compound 10 (15mg/kg bid) induced F-rets at almost the same
exposure as that of the simulation (assuming exposure of Cmax =
0.3 μM; Figure S3). Compound 10 also performed comparably
to HU in this model (35 mg/kg and qd, which is equivalent to
the highest dose used clinically for SCD treatment based on
plasma exposure). Throughout the in vivo experiments, no safety
issues, including myelosuppression, were observed (Figure S4).
To the best of our knowledge, compound 10 is the first G9a/
GLP inhibitor to show the induction of γ-globin production in a
cynomolgus monkey model.
The preparation of representative compound 10 is shown in

Scheme 1. Commencing with phenylacetonitrile (24), dialky-
lation of the benzylic carbon with dibromopropane led to
compound 25. Subsequent regioselective nitration with nitric

acid followed by removal of the benzyl group using Pd/C and
cyclohexadiene afforded compound 27. Triflation of compound
27 followed by Suzuki-Miyaura coupling with boronic acid
pinacol ester (29)20 afforded compound 30. Removal of the tert-
butoxycarbonyl group under acidic conditions followed by N-
methylation led to compound 32. The formation of a
spiro[cycloalkyl-1,3′-indol]-2′-amine core was achieved by
reductive cyclization. Initially, we attempted to obtain
compound 10 by using the conditions reported by Sweis et al.
(H2; 10% Pd/C; acetic acid, or Zn; acetic acid),18 but in this
case, the yield was low because of low conversion. Therefore, we
optimized the conditions and finally constructed a spiro-
[cycloalkyl-1,3′-indol]-2′-amine core by reduction of the nitro
group with Zn in acetic acid followed by 10% Pd/C under an
atmosphere of hydrogen in Ac2O and tetrahydrofuran, which
afforded compound 10.
In conclusion, we successfully identified spiro[cycloalkyl-1,3-

indol]-2′-amine derivatives as G9a/GLP inhibitors. In the
course of our exploration of G9a/GLP inhibitors that are more
potent and have improved PK profiles compared to existing
G9a/GLP inhibitors, it was found that the tetrahydroazepine
side chain that we originally discovered could be applied for
various types of central cores of known G9a/GLP inhibitors.
Among these inhibitors, we synthesized and evaluated a series of
spiro[cycloalkyl-1,3′-indol]-2′-amine derivatives, and ultimately
compound 10 (DS79932728) was identified as a promising
compound. DS79932728 showed excellent metabolic stability in
monkeys, and we confirmed that it was sufficiently exposed
through monkey PK tests (BA = 38%). In the in vivo
phlebotomized cynomolgus monkey model, DS79932728,
showed γ-globin induction at 15 mg/kg p.o., and the effect of
DS79932728 on HbF levels appeared to be comparable to that
of HU. Because there are only a handful of reports of small
molecules showing the induction of γ-globin production in a
monkey model,29−34 DS79932728 is expected to be useful for
studying the treatment of β-thalassemia and SCD.
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SCD sickle cell disease
RBC red blood cell
HbS sickle hemoglobin
HbA adult hemoglobin
HbF fetal hemoglobin
HU hydroxyurea
FDA Food and Drug Administration
ADMET absorption, distribution, metabolism, excretion, and

toxicity
PK pharmacokinetics
IV intravenous
HERG human ether-a-go-go-related gene
FCM flow cytometry
DMF N,N-dimethylformamide
Boc tert-butoxycarbonyl
TFA trifluoroacetic acid
THF tetrahydrofuran
SAR structure−activity relationship
BA bioavailability
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